The rate of ethanol production per milligram of cell protein begins to decline in the early stage of batch fermentation before high concentrations of ethanol have accumulated. In yeast extract-peptone medium (20% glucose), this initial decline appears to be related to growth and to result in part from a nutrient deficiency. The addition of yeast extract, peptone, and ashed preparations of these restored the ability of glucose-reconstituted medium (in which cells had been previously grown) to support vigorous growth. Magnesium was identified as the active component. Supplementing fermentations with 0.5 mM magnesium prolonged exponential growth, resulting in increased yeast cell mass. The addition of magnesium also reduced the decline in fermentative activity (micromoles of CO2 evolved per hour per milligram of protein) during the completion of batch fermentations. These two effects reduced the time required for the conversion of 20% glucose into ethanol by V3 with no measurable loss in ethanol yield (98% of theoretical maximum yield). It is possible that some of the reported beneficial effects of complex nutrients (soy flour and yeast extract) for ethanol production also result from the correction of a simple inorganic ion deficiency, such as magnesium.
The rate of ethanol production by Saccharomyces spp. decreases in batch fermentations as alcohol accumulates in the medium (26, 35, 36) . The onset of this decline in fermentative activity occurs at very low ethanol concentrations, often less than 3% (vol/vol). Since ethanol has been shown to accumulate to a level sufficient to inhibit fermentation (2, 4, 11) , it has been generally accepted that this accumulation of ethanol is responsible for the progressive decline in fermentative activity (1, 9, 23) . However, the extent of inhibition by exogenously added ethanol is less than would be predicted by the decline in fermentation rate which normally occurs during the fermentative accumulation of ethanol (30; Dombek and Ingram, J. Indust. Microbiol., in press).
Further studies have attempted to define the mechanism(s) of ethanol inhibition of fermentation and to reconcile the failure of added ethanol to inhibit fermentation to the extent observed during the fermentative accumulation of ethanol. Early studies provided evidence that the intracellular concentration of ethanol was much higher than that of the surrounding medium during fermentation (27, 28, 33) , a condition not readily duplicated by the exogenous addition of ethanol. However, these early data can be explained by problems in the measurement of internal ethanol concentrations (7) . Several research groups have developed independent methods which demonstrated that ethanol is freely permeable in Saccharomyces spp. and that the intracellular concentration of this metabolic product is essentially the same as that in the surrounding fermentation broth (6, 8, 12) .
Additional studies have investigated the sensitivity of glycolytic enzymes and alcohologenic enzymes in vitro to inhibition by ethanol. Millar et al. (24) have shown that these enzymes are stable in ethanol concentrations higher than 20% (vol/vol). The two enzymes most sensitive to inhibition by ethanol were pyruvate decarboxylase and phosphoglycerate kinase. Both, however, retained 50% of maximal activity in the presence of over 12% (vol/vol) alcohol concentration achieved by the complete fermentation of 200 g of glucose per liter. Similarly, Larue et al. (20) concluded that the cessation of alcohol production during stuck fermentations was not due to ethanol inhibition of alcohol dehydrogenase or hexokinase activities.
Casey et al. (3) have reported that nutrient limitation is a major factor in ethanol production during high-gravity fermentations. Anaerobically cultured yeasts are known to have a nutritional requirement for ergosterol and unsaturated lipids (14, 29, 34) . Unsaturated lipids have been shown to increase cell yield, alcohol production, and ethanol durability of yeast cells during anaerobic fermentation (15, 16, 19, 37) . A variety of lipid-protein complexes and nutrient supplements, ranging from albumin-ergosterol-monoolein to soy flour and yeast extract, have also been shown to yield increased rates of alcohol production and higher final ethanol concentrations (5, 13, 19, 31) .
Recent studies in our laboratory have shown that the initial decline in fermentative activity during batch fermentation is not caused by the presence of ethanol or by growth in the presence of 5% (wt/vol) ethanol (Dombek and Ingram, in press ). These studies indicated that a component(s) of yeast extract and peptone was limiting growth and contributing to the early loss of fermentative activity. The results presented in this article identify magnesium as the active component of these complex nutrients.
MATERIALS AND METHODS
Organism and growth conditions. The principal organism used in these studies was Saccharomyces cerevisiae KD2 (8) To confirm that magnesium was indeed limiting in YEPD medium, the magnesium content of cells and the surrounding broth was determined at various times during batch fermentation (Fig. 2) . The magnesium content of the cells reached a maximum of 130 nmol/mg of cell protein at 12 h, rapidly declining to 48 nmol/mg of cell protein by 24 h and remaining at this lower level throughout the final period of fermentation. In the medium, the magnesium content fell to less than 0.05 mM by 24 h and remained constant until fermentation had been completed. Thus, the decline in magnesium content per milligram of cell protein observed after 12 h appears to result from continued cell growth after near depletion of the magnesium in the surrounding broth. Supplementing the broth with 0.5 mM magnesium resulted in the peak accumulation of higher levels of magnesium (200 nmol/mg of cell protein) at 12 h, followed by a decline to about 130 nmol of magnesium per mg of cell protein after 24 h. Magnesiumsupplemented cultures maintained a higher level of cellular magnesium throughout fermentation than cultures grown in unsupplemented YEPD medium.
Magnesium limitation of growth of other strains. Three other strains were investigated to determine whether magnesium also limited their growth: S. cerevisiae CC3 (parent organism), S. cerevisiae A10, and S. sake. Glucosereconstituted medium was prepared from each of these cultures. Cultures were inoculated into their respective glucose-reconstituted medium with and without added magnesium (0.05 mM) and incubated for 48 h on a rotator. S. cerevisiae CC3 and the strain of S. sake exhibited magnesium-dependent growth almost identical to that reported for strain KD2. The optical density at 550 nm after 48 h with added magnesium was 8.3 to 9.4, and 0.5 without. S. cerevisiae A10 grew poorly in its glucose-reconstituted medium, with an optical density at 550 nm after 48 h of 1.0 to 1.2 for both the control and supplemented cultures. All three strains reached a similar cell density in fresh YEPD medium (optical density at 550 nm of 14.2 to 15.2). These results indicate that the magnesium limitation observed in strain KD2 was not caused by the petite mutation and was not limited to strain CC3 and its derivatives. However, additional factors were clearly involved with S. cerevisiae A10.
Effect of magnesium supplementation on batch fermentation. The effects of supplementing YEPD medium with 0.5 mM MgSO4 on batch fermentation are illustrated in Fig. 3 . The production of cell mass as measured by cellular protein is shown in Fig. 3A . Supplementation with magnesium prolonged the exponential rise in cellular protein, allowing a 53% increase in cell mass over that of the control within 18 h after inoculation. The addition of magnesium also increased the rate at which glucose was consumed and ethanol was produced (Fig. 3B and C) . After fermentations which had been allowed to accumulate 1.2% (vol/vol) ethanol (approximately 12 h). Cells from these samples were still undergoing exponential growth. The second set of samples was taken from fermentations which had been allowed to accumulate 5.5% (vol/vol) ethanol (approximately 24 h). At this point, cells were in early stationary phase. Figure 5A shows the dose response of fermentative activity of the younger cells plotted as a function of total ethanol concentration (endogenous plus added). Magnesium-\Y supplemented and unsupplemented cells had a similar initial fermentation rate, about 57 ,umol of CO2 evolved per h per mg of cell protein, and exhibited identical dose-response curves. A concentration of 7.6% (vol/vol) ethanol resulted in 50% inhibition of fermentative activity. )\0 Figure 5B shows the effect of ethanol on the fermentation rate of the older cells. Supplemented cells had an initial fermentation rate of 27 (Fig. 5A) (17) . The end of exponential growth also coincided with the beginning of the decline in fermentative activity. In magnesium-supplemented cultures, higher levels of intracellular magnesium were achieved early in fermentation and decreased to a lesser extent than observed in unsupplemented cultures. Magnesium-supplemented cultures had 6.5 times more magnesium in the medium at the end of exponential growth than did unsupplemented cultures. Thus, the magnesium supply of the supplemented culture appears to be adequate for growth, and other factors are limiting the fermentative ability of these yeasts under these conditions. The ubiquitous role of magnesium in cellular processes is well documented (17) . Magnesium constitutes a major portion of the cellular cations, mostly bound in structures such as ribosomes and the cell envelope. The free cation concentration, however, may play a more direct role in regulating overall cellular metabolism and cell division (39) . Many of the enzymes that function in DNA replication, transcription, and translation require magnesium for activity. In fermentation pathways, magnesium is a required cofactor and nucleotide counterion in many reactions. Magnesium levels are typically maintained at millimolar intracellular concentrations, and it is not surprising that this cation is a limiting nutrient during high-gravity fermentations.
Previous studies in our laboratory (32) have demonstrated that the inhibition of fermentation by added ethanol in Zymomonas mobilis is primarily due to ethanol-induced leakage, particularly of magnesium, the cation required in the active form of the nucleotide cofactors for glycolytic enzymes. The addition of magnesium salts at 0.5 mM substantially reversed the inhibitory effects of up to 13% (vol/vol) ethanol. Although analogous studies have not been performed with S. cerevisiae, it is likely that ethanol also increases the leakage of small molecules in this organism.
Casey et al. (3) have also reported that nutrient limitation is an important factor in fermentation. Supplementation of high-gravity brewing wort (containing up to 31% dissolved solids) with yeast extract, ergosterol, and oleic acid allowed the production of 16.2% (vol/vol) ethanol by brewers' yeast. Higher rates of alcohol production resulted primarily from an increase in cell mass associated with nutrientsupplemented fermentations and did not appear to include an increase in the resistance of fermentation rate to ethanol. Viegas et al. (38) reported that nutrient addition to a yeast extract-based medium containing 30 to 40% glucose enhanced the rate of ethanol production by Saccharomyces bayanus. Their nutrient source was soy flour, which had previously been shown to increase the fermentative productivity of S. cerevisiae (5) and Z. mobilis (18) . Again, supplementation led to an increase in cell concentration. Viegas et al. further demonstrated that the aqueous fraction of soy flour rather than the lipid fraction contained the components beneficial for fermentation. This aqueous fraction would have included inorganic ions such as magnesium. Indeed, it is possible that many of the complex nutrient additives used to increase ethanol production are also correcting an inorganic-ion deficiency.
The causes of the progressive decline in fermentative activity which are observed as ethanol accumulates during batch fermentation appear to be much more complicated than expected. Our results indicate that direct ethanol inhibition is only partially responsible. A nutrient limitation for magnesium also appears to be partly responsible. With abundant magnesium, only a 50% further increase in cell mass was observed, indicating that another factor(s) becomes limiting for growth and fermentation at this point. Indeed, a complete understanding of the biochemical basis for the decline in fermentation rate in yeasts may require determination of the factors responsible for the termination of exponential growth and the associated physiological and enzymatic changes.
